N°2 (14) 2020

AKTYAJIbHI LOCNIKEHHA CYAHOBYAYBAHHSA

Viktor V.
Kvasnytskyi
KBacHULUbKUA
BikTop
BavyecnaBoBU4

Maksym V.
Matviienko
MaTBi€eHKO
Makcum
BaneHTHOBUY

Heorhii P.
Mialnitsa

BbyTtypnsa €BreH
AHppiioBu4

Yevhen A.
Buturlia

MsanbHiua
Feoprin
Mununosu4

smi.nuos.mk.ua | editor@smi.nuos.mk.ua §HIPBUILDING

MARINE INFRASTRUCTURE

VYIK 621.791.3

INVESTIGATION OF BRAZING FILLER
FOR BRAZING HIGH-TEMPERATURE NICKEL
ALLOYS OF MARINE GAS TURBINES

AOCNIDKEHHA NPUNOKO ANA NAAHHA )XKAPOMILHUX
HIKEJIEBUX CIJIABIB MOPCbKUX TA30OBUX TYPBIH

DOI https://doi.org/10.15589/smi2020.2(14).7

Viktor V. Kvasnytskyi'  Ksacuuipkuii Bikrop BsiueciaBoBuy,
JOKTOP TEXHIYHUX HayK, mpodecop
kvas69@ukr.net

ORCID: http://orcid.org/0000-0002-7756-5179

Maksym V. Matviienko* Marsieako Makcum BanentuHoBud,
KaHAW/IaT TEXHIYHUX HAYK, JOICHT
MatvienkoMV @i.ua
ORCID: http://orcid.org/0000-0002-1020-0415

Heorhii P. Mialnitsa® bytypns €Bren AnapiiioBud, acmipanT
welding@nuos.edu.ua

ORCID: http://orcid.org/0000-0003-2604-5664

Yevhen A. Buturlia® Msubhina [eopriit [Tumumnosud,

KaHUIaT TeXHIYHUX HayK, JOIICHT,

3aCTYNHUK HadaJIbHUKA yIPABIIHHSA METAITypril
welding@nuos.edu.ua

ORCID: http://orcid.org/0000-0003-2144-4519

!National Technical University of Ukraine

«lgor Sikorsky Kyiv Polytechnic Institute», Kyiv

'Hayionanonuti mexniunuil ynigepcumem Yipainu

«Kuiscoxuii nonimexuiynutl incmumym imeni leops Cikopcokozoy, m. Kuis

2Kherson branch Admiral Makarov National University of Shipbuilding, Kherson
2Xepconcoka inis Hayionanwrnozo ynisepcumemy kopaonedyO0yeanHs iMmeni
aomipana Maxkapoea, m. Xepcon

SAdmiral Makarov National University of Shipbuilding, Mykolaiv
SHayionanwnuii ynisepcumem kopaonedyoysanns imeni aomipana Maxaposa,
M. Muxonais

‘I «Hayko60-6upoOHuuuil KOMRIEKC 2a30mypoo0oyoyeans
«3opan-«Mawnpoexmy», m. Muxonaie
*Gas Turbine Research And Production Complex Zorya-Mashproekt, Mykolaiv

Abstract. Aim. The creation of a brazing filler for brazing high-temperature nickel
alloys of new generation marine gas turbine engines, which will increase the tem-
perature of the working gas by 40 ... 60°C. Methodology. To achieve this goal,
high-temperature differential thermal analysis and crucible methods were used
to study high-temperature salt corrosion of brazing filler. Results. The method of
high-temperature differential analysis was used to study critical temperatures of
the alloys CM93-VI and CM96-VI. Zirconium, hafnium, and boron were taken as
depressants. After studying the interaction of the brazing filler with the base metal,
the most effective depressant boron was selected for further use, which allows to
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control the brazing and melting temperatures of the brazing fillers by changing its concentration. Brazing
filler were melted for experimental investigation of surface properties. For illustrative purposes, VPr36
brazing filler was used to compare the results. As an assessment of the flow of solders into the gaps,
wedge samples were used, where gaps variability has fluctuated from 0 to 0.6 mm. In the work, the main
factor of influence on contact angles and the effect of surface preparation on the spreading of the brazing
filler was established. In parallel, calculations of the stability of alloys against sigmatization, critical
points, composition and content of y and y'-phases, carbides, borides, etc. were carried out. The study
of the resistance of brazing filler against high-temperature salt corrosion was carried out in a molten
salt of 75% Na2S04 + 25% NacCl at a temperature of 900 ° C in 24 hours. The developed brazing filler
can be used not only for joining heat-resistant alloys, but also for correcting surface defects in castings.
The modes of brazing with SBM-4 brazing filler for polycrystalline and single-crystal alloy are given.
Scientific novelty. The usage of the principle of alloying of alloys of marine gas turbines doped with
tantalum and rhenium in the development of brazing filler for alloys of marine turbines is investigated.
Practical significance. The SBM-4 brazing filler has been developed for brazing high-temperature nick-
el alloys with both directional solidification and monocrystalline ones. The long-term strength of the
welded joints is not inferior to the world level.

Key words: heat-resistant alloys, brazing, wetting, structure, high- temperature corrosion, technological
properties of the solders.

Anorauisi. Mera. CTBOPEHHS NIPHUIIOIO IJIs1 MASHHS JKaPOMILHUX HIKEJIEBUX CIJIaBiB MOPCHKHX T'a30Typ-
OIHHMX JIBUTYHIB HOBOTO TIOKOJIHHSI, 110 JTO3BOJMTH MIHATH TeMIlepaTypy pobodoro rasy Ha 40...60°C.
Metoauka. s nOoCSTHEHHST MeTH, OyJO BHUKOPHUCTaHI BHCOKOTEMIIEPAaTYpHUH IudepeHuiiHui Tep-
MIYHUH aHaii3 Ta TUTeJbHUM METOIU IOCIHIKEHHS BHCOKOTEMIIEPAaTypHOi COJBbOBOI KOPO3ii MPHUIIOKO.
Pe3ysabTarn. MeTogoM BHCOKOTEMIEpPAaTypHOTO Au(epeHLiabHOrO aHali3y IOCIHiIKYyBaluCh KpH-
THuHi Temmeparypu cmiasie CM93-Bl i CM96-BI. B skxocti aenpecantiB Opanucst TUpKOHiH, radHii i
6op. Ilicast qocmikeHHs B3aeMOAIl MPUIIOI0 3 OCHOBHUM METAaJlIOM OyJo BUOpaHO AENpecaHT HaiOimbII
e(eKTHBHUI JenpecanT 0op Ul TOAANBLUION0 BUKOPUCTAHHS, SKHH J03BOJISIE PETYJIIOBATH TEMIIEPATYPy
MasHHA 1 TIaBICHHS NMPHUIO] LIISIXOM 3MIiHM HOro KoHUeHTpauii. Bynao BuruaBieHo mpumoi amis excrie-
PUMEHTAJILHOTO JTOCII/IKEHHS TOBepXHEBUX BiacTuBocTed. [ nopisusuus [lpumiit BIIp36 Buxopuc-
TOBYBABCS JUIsl TIOPIBHSHHS pe3yJbTariB. B sKoCTi OL[iHIOBaHHS 3aTiKaHHS MPHUIOIB y 3a30pU BHKOPHUCTA-
Hi KJIMHOBI 3pa3Kku, B AKHX 3a30p 3MiHIOBaBcs Bix 0 1o 0,6 mm. B poboti Oyio ycTaHOBIEHO OCHOBHUH
(axTOp BIUIMBY Ha KpaloBi KyTH Ta BIUIMB IIATOTOBKM MOBEPXHI Ha po3TikaHHs npunoto. [lapanensno
MIPOBEJICHO PO3PaXyHKH CTIMKOCTI CIJIaBiB MPOTH CirMaTH3alii, KPUTHYHUX TOYOK, CKIAy 1 BMICTY Y
1 y'-daz, xap6iniB, 6opuaiB Tomo. JocnimKeHHs: CTIHKOCTI IPUIIOI0 MPOTH BUCOKOTEMIIEpaTypHOi COIbO-
BO1 KOpO3ii MpoBoAMIM y po3iuiasi coiert 75 % Na2S04 + 25 % NaCl npu remneparypi 900 °C npoTsirom
24 ronun. Po3pobnennii npumiii Mojke BUKOPUCTOBYBAaTUCH HE TUIBKH AJIS 3’ €THAHHS >KapOMII[HHUX CIUIABIB,
a 1 17151 BUNIPABJICHHS IOBEPXHEBUX Je(eKTiB BinBoK. HaBeneHno pesxxumu nasiHas npurioeM SBM-4 st
MOJIKPUCTANIIYHOTO 1 MOHOKpHCTaNiYHOTO cruiaBy. HaykoBa HoBu3HA. J[0CIIiPKEHO BUKOPUCTAHHS IPHH-
LUITY JIETYBaHHS CIUIaBiB MOPCHKHX Ta30BHX TypOiH JIETOBaHMX TAHTAJIOM 1 PEHiEM IpH po3podui Mmpu-
010 JJIS CIUIABiB MOPChKUX TypOiH. IlpakTnuna 3HaunmicTs. Po3pobneno npumiit SBM-4 s nasnus
KapOMIIIHUX HIKEJIEBUX CIUIABIB SIK 13 CHPSMOBAHOI KpHCTali3alii Tak 1 Juiss MOHOKpUCTaIiuHuX. TpuBana
MIIHICTh CTIAsSHUX 3’ €HaHb HE MOCTYNA€ETHCS CBITOBOMY PiBHIO.

KurouoBi cioBa: >xapoMillHI CIUIaBH, MasHHS, 3MOYYBAaHHS, CTPYKTypa, BHCOKOTEMIIEpaTypHa KOpO3i,
TEXHOJIOTIYHI BIIACTUBOCTI MPHUIIOIB.
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Problem statement. Heat-resistant nickel
alloys (HNA) are the main structural material
in current gas turbine construction. Increasing
the temperature of the working fluid, raising
the resource and efficiency of power plants re-
quires the development of new heat-resistant
alloys capable of withstanding the entire range
of influencing factors that exist in the real con-
ditions of their operation. Aviation turbines
operate on pure aviation kerosene with a low
content of harmful impurities, in particular sul-
fur, and traditionally they have higher gas tem-
peratures in comparison with sea ones. Marine
turbine fuel contains sulfur, sodium, etc., while
the combustion products contain salts that en-
ter with seawater vapor. Therefore, the blades
of offshore gas turbines undergo intense corro-
sion, the rate of which can be hundreds of times
higher than the rate of corrosion in air or in an
oxygen atmosphere [1]. This type of corrosion
is called high temperature salt corrosion (HSC).
HSC is associated with the condensation of al-
kali metal salts, of which sodium sulfate is the
most aggressive. Heat-resistant nickel alloys
are complexly alloyed [2, 3]. Alloying ele-
ments are divided into several classes accord-
ing to their purpose. The heat resistance of the
alloys is provided by chromium, which forms a
dense thermodynamically stable oxide film, but
during the combustion of fuel, which contain
sulfur and sodium as a result of the interaction
of sodium with SO2 and SO3 the salt Na2SO4
is formed, which destroys the protective oxide
film of Cr203. Chlorine, which is formed when
the NaCl salt interacts with sulfur oxides, con-
tributes to HSC. To ensure the high resistance
of marine turbine alloys against HSC, it is nec-
essary to increase the chromium concentration
in them, but the long-term high-temperature
strength decreases. Since the corrosion rate of
alloys of aircraft turbines operating on clean
fuel is much lower than marine ones, this al-
lows the concentration of chromium in them to
be reduced, which increases their heat resist-
ance, gas temperature and efficiency, using the
same strengthening methods (solid-soluble and
dispersive). This is the big difference between
the high-temperature nickel alloys (materials)
of aircraft and marine turbines. Despite the
difficult operating conditions of marine gas
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turbine engines (GTE), according to the re-
quirements of design documentation for mod-
ern power and marine GTEs, it is necessary to
ensure their reliable operation at a gas temper-
ature at the turbine inlet up to 1150 ... 1200°C,
which will increase their power and efficiency
in compressing with previously developed gas
turbine engines. For this new alloying systems
have already been created [4, 5]. Since braz-
ing is the main way of connecting them and
correcting surface defects in castings, the rel-
evance of the development of new solders is
beyond doubt. Common features of aviation
and marine GTE alloys are the problem of their
fusion welding and the widespread use of braz-
ing, in particular, methods of diffusion brazing,
brazing with composite brazing fillers, and, if
possible, brazing with pressure, which are bet-
ter known in foreign literature as TLP-bonding
(Transient liquid phase bonding) [6-8].

Analysis of recent research and
publications. The most heat-loaded parts made
of heat-resistant nickel alloys are straightening
and rotor blades of aircraft GTEs, which are
now made from ZhS32, ZhS36 alloys, etc.
[9]. Therefore, their chemical composition,
manufacturing technology, heat treatment are
constantly being improved [10]. The strategic
direction for the development of materials and
technologies until 2030 is described in [11], but
as noted above, alloys of aircraft turbines cannot
be used for marine ones, since aircraft alloys in
marine conditions are subject to catastrophic
HSC. Therefore, alloys with high resistance to
HSC have been developed for parts of marine
turbines [4, 5]. In this case, alloying of alloys with
tantalum and rhenium was used [4, 5], which is
used in alloys of aircraft turbines [10, 11]. At the
same time, the usage of rhenium reduces the rate
of diffusion processes and increases long-term
strength [12]. In works [13-15], the efficiency
of using the indicated alloying elements was
proved.

Investigation of the brazing of heat-resist-
ant nickel alloys of marine turbines is focused
on promising materials for new generation tur-
bines with increased parameters of the working
fluid. In new high-temperature nickel alloys of
marine turbines a high concentration of chro-
mium is traditionally used to ensure resistance
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against HSC, and to increase the high-temper-
ature strength, they are used by regulating the
structure, optimizing the chemical composi-
tion, alloying with tantalum and rhenium, etc.
[4,5]. Considering the results of detailed studies
of new alloys, the same alloying complex was
chosen in the development of brazing fillers.

When choosing depressants, we took into ac-
count the solidus and liquidus temperatures of al-
loys, brazing temperatures, technological proper-
ties of brazing fillers and their effect on resistance
to HSC and mechanical properties of joints.

It is known [16, 17] that brazing fillers, de-
pending on the depressants (elements that re-
duce the melting point of the alloy), are divided
into three groups:

1) brazing fillers based on nickel with silicon
and boron, which are usually introduced togeth-
er to reduce the concentration of each of them;

2) brazing fillers based on alloyed nickel
with elements of IV and V groups, are intro-
duced as depressants;

3) Palladium-based nickel-based brazing fill-
ers for lower melting and brazing temperatures.

Brazing fillers of the third group were not
used because their resistance to HSC has not
been studied in the literature, and given the
high value of palladium. Depressants from the
first and second groups were used in the inves-
tigated brazing fillers [16].

Separation of previously unresolved
parts of the general problem. The analysis of
publications did not reveal the use of marine
alloys resistant to HSC alloyed tantalum and
rhenium for the development of brazing fillers.

The aim of the study. Creation of a braz-
ing filler for brazing heat-resistant nickel alloys
for the manufacture of new generation marine
gas turbine engines, which will increase the gas
temperature by 40 ... 60°C.

Methods, object and subject of research.
The research methods were high-temperature
differential thermal analysis and the crucible
method for studying the HSC brazing filler.

The object of the study is the formation of
a soldered joint of heat-resistant nickel alloys
CM93 and CM96.

The subject of research is the structure,
chemical composition of the soldered joint and
the speed of the HSC brazing filler.
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Basic material. At the first stage of the study,
the research was carried out by the method of
high-temperature differential thermal analysis
(HDTA) of the liquidus and solidus temperatures
of the base metal CM93 and CM96. Zirconium,
hafnium and boron, which are used in VPr36,
VPr37 and VPr44 brazing fillers, were chosen
as depressants [17-20]. Boron was selected as a
depressant based on the results of HDTA and a
study of the interaction of brazing fillers with the
base metal. Itallows, by changing its concentration
in the brazing fillers, to regulate the melting and
brazing temperature. The results of the HDTA
base metal and brazing filler, which contains 1%
of the mass. boron is shown in Fig. one.

The melted brazing fillers were investigated
experimentally for wetting, gap filling and disso-
lution of the base metal. For comparison, VPr36
brazing filler was also used in the experiments.
To assess the flow of brazing filler into the gaps,
samples with a wedge-shaped gap were used, in
which the gap varied from 0 to 0.6 or 0.3 mm.
Such samples are shown in Fig. 2.

It should be noted that temperature is the
main factor influencing the contact angles.
Above 1220 ° C for the developed SBM-3 braz-
ing filler and 1240 ° C for VPr36 brazing filler,
the contact angles sharply decrease regardless
of the surface preparation method (mechanical
or chemical method). Both sol brazing fillers
ders wet the casting surfaces almost equally
after mechanical cleaning. When heating the
casting to a temperature above 1200°C for
6 min. in a vacuum of 6-10° Pa with a leak-
age of 3-10° m?s’!, the surface becomes light.
Under these conditions, even after preliminary
oxidation of the sample, its surface is cleaned.

Such studies were carried out at temperatures
of 1200, 1220, 1230, 1240, 1250, and 1265°C,
depending on the purpose of the brazing filler.
The brazing temperature was chosen when the
contact angles of wetting did not exceed 10° and
flowed into the gaps from 0 to 0.2 ... 0.3 mm.

The microstructure of a brazed based on the
CMO93-VI heat-resistant nickel alloy is shown
in Fig. 3

X-ray spectral analysis of the welded joints
shown in Fig. 3 did not detect eutectic phases,
pores, cracks, non-solders or non-metallic in-
clusions.
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Fig. 1. Thermograms of alloy CM93-VI (a) and brazing filler, which contains 1.0 % of the mass. in (b):

1 — heating; 2 — cooling

Fig. 2. Appearance the surfaces of the heat-resistant alloy after spreading (@) and flowing of the brazing

filler into the gap (b)

Fig. 3. Microstructure of the brazed connection of HNA
CMO93-VI at assembly with a backlash of 0,1 mm (a)
and with a backlash of 0,07-0,08 mm (b)

At the same time, research was carried out
on the resistance of brazing fillers against HSC
by the crucible method and the calculation of
the resistance of alloys against sigmatization,

70

critical points, composition and content of y
and y / phases, carbides, borides, etc.

Experimental studies of resistance to HSC
were carried out simultaneously for new alloys and
brazing fillers in a molten salt of 75% Na2SO4 +
25% NaCl. Crucibles with cylindrical samples and
salts were loaded into a furnace, then they were
kept for a certain time at a temperature of 900 °
C. After the tests, the samples were cleaned of salt
and scale, the loss of their weigh, the corrosion rate
(mg/cm2-h) and the depth of corrosion destruction
were determined. The general view of the samples
after testing is shown in Fig. 4.

Processing of the test results showed
that the rate of HSC brazing filler
SBM-4 at 900 °C is in the range of
0.4-3.32 mg/cm2-h, which indicates a high re-
sistance to high temperature corrosion.

Due to its surface properties, SBM-4 solder
canbeusednotonly forsolderingHNACM93-VI



N°2 (14) 2020

and CM96-VI, but also for correcting surface
defects.

As a mode of vacuum brazening with
SBM-4 brazing filler for alloy CM93-VI indi-
cates the soldering temperature of 1200-1215°C
for 15 = 5 min, and for alloy CM96-VI with a
single-crystal or directional structure soldering
temperature of 1220-1230 ° C for 15 £+ 5 min.

Discussion of the results. Based on the
research results, SBM-4 brazing filler was de-
veloped for brazing high-temperature alloys
of marine turbines, including those with direc-
tional crystallization and single-crystal ones.
The long-term strength of the welded joints
with SBM-4 brazing filler at a temperature of
900 ° C on the basis of 100 hours is 285 MPa,
which is 90% of the strength of the base metal.
This indicator is not inferior to the world level.

Conclusions. 1. Heat-resistant alloys of ma-
rine gas turbines, unlike aviation ones, operate in an
aggressive environment, which leads to high-tem-
perature corrosion, which determines a significant
difference in the alloying system of alloys.

2. To ensure the stability of alloys against
HSC, alloys of marine gas turbines have
a high concentration of chromium, which
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Fig. 4. General view of specimens after testing for resistance
to HSC

reduces their long-term high-temperature
strength. To reduce the chromium concentra-
tion with a high stability of HSC and increase
the long-term strength, the alloys of marine
turbines are alloyed with tantalum and rhe-
nium.

3. Studies have shown that a similar princi-
ple of alloying is effective in the development
of brazing alloys for high-temperature alloys
of marine turbines, which is confirmed by the
results of experimental and industrial testing of
the SBM-4 brazing alloy developed at NUS.
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